Background. Alterations in the expression levels of genes and proteins involved in oxidative stress and DNA damage response underlie the phenotypic changes associated with aging. We have investigated whether the quality of dietary fat alters postprandial gene expression and protein levels involved in p53-dependent DNA repair and whether the supplementation with Coenzyme Q 10 improves this situation in an elderly population.
A GING is a complex process that progressively compromises most of the biological functions of the organism, resulting in an increased susceptibility to disease and death (1) . Several stressors have been proposed to contribute to age-related cell damage, including oxidative reactions, telomere attrition, or the decline and dysfunction of the DNA repair and protein turnover systems (2) . The association of DNA damage with aging was originally supported by the observation that most of the gene mutations that lead to an accelerated development of many age-related features encoded proteins directly implicated in DNA repair (3) . Multiple studies have shown a higher load of DNA damage in older organisms (4, 5) . It has been suggested that these changes have caused DNA repair machinery to become less efficient and more error prone with age (6) .
Reactive oxygen species are major inducing factors responsible for endogenous DNA damage, which includes the formation of oxidation products of DNA bases, apurinic/ apyrimidinic (AP) sites, and DNA single-strand breaks. The base excision repair (BER) process is mainly responsible for repair of these lesions (7, 8) . It has been proposed that the elimination of oxidative damage could be linked to BER, nucleotide excision repair (NER), and mismatch repair (9) .
The tumour suppressor gene p53 "the guardian of the genome," encodes a sequence-specific transcription factor that induces the expression of a variety of cellular genes in response to DNA damage (10) . In response to DNA damage or other cellular stresses, p53 is activated and induces cellcycle arrest or apoptosis, depending on the severity of the damage and the context of the cell cycle, and activates the DNA repair mechanisms (11, 12) .
Fasting is not the typical physiological state of modern humans, who spend most of their time in the postprandial state. With regard to the postprandial state, we have recently demonstrated that a Mediterranean diet, which is rich in olive oil supplemented (Med+Q diet) or not (Med diet) with exogenous coenzyme Q 10 (CoQ), is associated with lower levels of oxidative DNA damage compared with a Western diet, which is rich in saturated fatty acid (SFA) (13) . Furthermore, previously, we have demonstrated in the same samples of population of the present study that Med+Q diet decreased the stabilization and activation of p53 during the postprandial state in response to a lower DNA damage compared with an SFA diet in the peripheral mononuclear cells of elderly subjects (14) . The traditional Med diet has been extensively shown as a healthy food pattern, reducing prevalence and incident metabolic syndrome, reducing oxidative DNA damage, cardiovascular risk, endothelial damage, and improving longevity (13) (14) (15) (16) (17) (18) (19) (20) .
CoQ 10 (2,3-dimethoxy-5-methy-6-decaprenyl-1,4-benzoquinone) has been proposed as an additional source of antioxidant because of its key role in mitochondrial bioenergetics and its widely studied antioxidant capacity under lipophilic conditions (21) . Studies with animal models have shown benefits of diet supplementation with CoQ on oxidative DNA damage (22, 23) . Moreover, few studies have explored into the molecular effects of diet or CoQ supplementation on DNA damage response and, in particular, on the expression of proteins related to p53-dependent DNA repair during the postprandial state (24, 25) . According to these premises, the aim of this study was to determine whether diets with different fat quality influence the postprandial response to oxidative DNA damage controlled by p53 and that this hypothetical improvement could be boosted by supplementation with a natural antioxidant, like CoQ, in peripheral blood mononuclear cells (PBMCs) of healthy elderly people.
Methods

Participants and Recruitment
A total of 63 persons were contacted among those willing to enter the study. Inclusion and exclusion criteria were fulfilled by 20 patients (age >65 years; 10 men and 10 women). The main cause was existence of several diseases. Complete inclusion and exclusion criteria were described in previous publications (13, 14) . The study protocol was approved by the Human Investigation Review Committee of the Reina Sofia University Hospital, according to institutional and Good Clinical Practice guidelines.
Study Design
Participants were randomly assigned to receive, in a crossover design, three isocaloric diets for 4-week periods each: (a) Med+CoQ diet (200 mg/day in capsules), containing 15% of energy as protein, 47% of energy as carbohydrate, and 38% of total energy as fat (24% MUFA [monounsaturated fatty acid; provided by virgin olive oil], 10% SFA, 4% PUFA [polyunsaturated fatty acid]), (b) Med diet not supplemented with CoQ (Med diet), with the same composition of the first diet, but supplemented by placebo capsules, and (c) Western diet rich in SFA, with 15% of energy as protein, 47% of energy as carbohydrate, and 38% of total energy as fat (12% MUFA, 22% SFA, 4% PUFA).
The cholesterol intake was kept constant (<300 mg/day) during the three periods. Both the CoQ and the placebo capsules were specially produced by the same company (Kaneka Corporation, Osaka, Japan) and were identical in weight and external aspect. Patients taking capsules were unaware whether they were in the Med+CoQ or Med dietary period. The composition of the experimental diets was calculated by using the US Department of Agriculture (26) food tables and Spanish food-composition tables for local foodstuffs (27) .
During the dietary intervention period the patients were monitorized according to the methodology described in previous publications of the same study (13, 14) . The compliance measures of adherence to each diet were described in the previous publications of the present study (13) . At the end of the dietary intervention period and after a 12-hour fast, at time 0, the subjects were given a fatty breakfast with the same fat composition as consumed in each of the diets. A fasting blood sample was taken before the test meal, which was then ingested within 20 minute under supervision, and at 2 and 4 hours. The test meal reflected fatty acid composition of each subject chronic dietary intervention and provided an equal amount of fat (0.7 g/kg body weight), cholesterol (5 mg/kg of body weight) and vitamin A (60,000 IU/m 2 body surface area). The test meal provided 65% of energy as fat, 10% as protein, and 25% as carbohydrates. The composition of the breakfasts was as follows: Med+CoQ (400 mg in capsules) breakfast (12% SFA, 43% MUFA, 10% PUFA); Med breakfast with placebo capsules (12% SFA, 43% MUFA, 10% PUFA); and SFA-rich breakfast (38% SFA, 21% MUFA, 6% PUFA).
Biochemical Determinations
Plasma samples.-Samples were collected in tubes containing 1 g EDTA/L, and plasma was separated from whole blood as previously described (13, 14) .
Isolation of PBMCs.-Mononuclear cells were isolated from 20 mL of venous blood in tubes containing 1 mg/mL of EDTA according to the method described by GutierrezMariscal et al (14) .
Protein extraction.-The protein extraction was carried out according to the method described by GutierrezMariscal et al (14) . The extracted proteins were quantified using the Bradford method (28) (Bio-Rad Protein Assay).
Western blot.-Electrophoretic separation was carried out with 40 µg of protein for both cytoplasmic and nuclear fractions. After separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacrylamide), proteins were transferred to nitrocellulose membranes (BioTrace NT Membrane; PALL Gelman Laboratory). The following proteins were detected using their corresponding antibodies: APE1/Ref-1 (H-300: rabbit polyclonal, Santa Cruz Biotechnology); DNA pol β (N-19: goat polyclonal, Santa Cruz Biotechnology); GADD 45α (C-4: mouse monoclonal, Santa Cruz Biotechnology), and TFIIB (transcription initiation factor IIB; C-18: sc-225, rabbit polyclonal Santa Cruz Biotechnology). After incubation with these primary antibodies, samples were incubated with respective secondary antibodies (goat anti-mouse or anti-rabbit HRP-conjugate, Santa Cruz Biotechonology). The development process was carried out with ECL Advanced (GE Healthcare, Little Chalfont, UK).
Quantification of protein bands.-The proteins were identified by its position relative to molecular weight markers: The relative amount of each was quantified by densitometry using the software Quantity-One (Version 4.4.0 Bio Rad, Barcelona, Spain), and values were normalized with the signal for TFIIB. TFIIB is a general transcription factor required for transcription initiation by all eukaryotic RNA polymerases. TFIIB was used to normalize the measurement in Western blot because it is described as a good loading control in the nuclear protein extract (29) . Results were expressed in arbitrary units (AU).
RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction Analysis
RNA extraction.-Total RNA from PBMCs was extracted using the trizol method according to the recommendations of the manufacturer (Tri Reagent, Sigma, St Louis, MO) and quantified in a NanoDrop 1000A Spectrophotometer. RNA integrity was verified by agarose gel electrophoresis and stored at −80°C. Next, because polymerase chain reaction (PCR) can detect even a single molecule of DNA, RNA samples were digested with DNAse I (AMPD-1 KT, Sigma) before real-time PCR (RT-PCR).
Biotrove OpenArray RT-PCR.-Each reaction was performed with 1 μl of a 1:5 (v/v) dilution of the first cDNA strand, which is synthesized from 1 μg of total RNA using the commercial kit iScript cDNA Synthesis Kit (Bio Rad) according to the manufacturer's instruction. The reaction RT-PCR was carried out using the platform OpenArray NT Cycler (Applied Biosystems) according to the methodology described in previous publications (19) .
Statistical Analysis
The Statistical Package for the Social Sciences (SPSS 17.0 for Windows Inc., Chicago, IL) was used for the statistical comparisons. The Kolmogorov-Smirnov test did not show a significant departure from normality in the distribution of variance values. In order to evaluate data variation, Student's t test and an analysis of variance for repeated measures was performed, followed by Bonferroni's correction for multiple comparisons. We studied the statistical effects of the type of fat meal ingested, independent of time (represented by p1), the effect of time (represented by p2), and the interaction of both factors, indicative of the degree of the postprandial response in each group of subjects with each fat meal (represented by p3). Differences were considered to be significant when p < .05. All data presented in text and tables are expressed as means ± standard error (±SE).
Results
Metabolic Parameter Levels
Analysis of the baseline characteristics of the 20 participants who completed the three dietary intervention periods showed that males had higher height, waist circumference, TG, and Apo B than females. No other gender-related differences were observed. We previously observed higher fasting plasma CoQ concentration (p < .001) after the intake of the Med+CoQ diet compared with the Med and SFA diets (13) . Between 2 and 4 hours after consumption of the Med+CoQ diet we observed herein a greater postprandial increase in plasma CoQ levels compared with the Med and SFA diets (p = .018 and p = .032, respectively) (13).
Diet Intake, Gene Expression, and Protein Levels of Gadd45a and Gadd45b in PBMCs
The family of Gadd45 genes encodes proteins involved in DNA repair and cell-cycle arrest. They are induced by DNA damaging agents and growth arrest signals (30) . In our study, we observed that Gadd45a mRNA levels were lower after consumption of the Med+Q diet compared with the SFA diet (p = .044; Figure 1A ). No significant differences were detected between diets in Gadd45a mRNA levels at fasting. At 4 hours after the SFA diet, we found higher postprandial Gadd45b mRNA levels compared with the Med+Q diet (p = .027; Figure 1B) . No significant differences were detected in Gadd45b mRNA levels in fasting and at 2 hours after intake of any of the three diets. Regarding protein levels, we observed lower nuclear Gadd45a in fasting and at 4 hours after intake of the Med diet than after consumption of a SFA diet (p = .023 and p = .038, respectively). Furthermore, at 4 hours after intake of the Med diet, we found lower nuclear Gadd45a protein levels compared with the SFA diet (p = .038; Figure 1C ).
Diet Intake, Gene Expression, and Protein Levels of p53
Inducible Targets for DNA Repair OGG1.-Ogg1 gene encodes a glycosylase that removes the oxidized modified base 8-OHdG from damaged DNA (31) . We observed increased Ogg1 mRNA levels during postprandial period after intake of SFA-rich diet compared with a decrease after intake of Med+Q diet (p = .048; Figure 2A ).
APE-1/Ref-1.-APE-1/Ref-1 gene encodes an AP endo-
nuclease that belongs to the BER process. We did not observe any significant differences in APE-1/Ref-1 mRNA levels among the three diets during both fasting and postprandial periods ( Figure 2B) . However, the long-term consumption of the SFA diet increased nuclear APE-1/ Ref-1 protein level compared with Med+Q diet (p = .038; Figure 2C ). In addition, during the postprandial period, a higher nuclear APE-1/Ref-1 protein level was observed after the intake of a SFA diet compared with the Med+Q diet (p = .028).
DNA pol β.-In the sequence of action of proteins involved in BER, DNApolβ fills the gap left by APE1 using the intact complementary strand as template (31) . DNApolβ mRNA levels were lower after consumption of the Med+Q diet compared with the SFA diet (p = .041; Figure 3A) . No significant differences were detected in DNApolβ mRNA levels at fasting and at 2 hours after intake of the three diets. Regarding the protein levels, at fasting, we observed higher nuclear DNApolβ protein levels after intake of the SFA diet compared with Med+Q diet (p = .044; Figure 3B ). No significant differences were detected in nuclear DNApolβ protein levels at 4 hours after intake of the three diets.
XPC.-XPC belongs to the Xeroderma pigmentosum group of genes, which is induced by p53 after DNA damage (32) . In global genome repair, NER, DNA damage is recognized by XPC-HR23B complex, followed by damage verification by XPA (33) . We observed an increase in XPC mRNA levels during the postprandial period after intake of a SFA-rich diet, whereas it decreased after intake of the Med+Q diet (p = .019, Figure 3C ).
Discussion
The present study demonstrates that the consumption of a Med+Q diet reduces the postprandial expression of genes that encode proteins related to p53-dependent DNA repair, including Gadd45 (Gadd45a and Gadd45b), OGG1, DNApolβ, and XPC in PBMCs. Moreover, Med+Q diet also decreased the nuclear content of Gadd45a, APE-1/ Ref-1, and DNApolβ proteins. Previously, in the same population of this study, we demonstrated that the Med diet improves postprandial oxidative stress by increasing capillary flow and plasma nitric oxide levels, and by decreasing plasma lipid peroxidation products, nitrotyrosine, and protein carbonyl levels, as well as plasma antioxidant enzyme activities (GPx, catalase and superoxide dismutase) (13) , and DNA damage in PBMCs (14) . Addition of exogenous CoQ in combination with a Med diet had an additive effect, reducing the postprandial oxidative stress (13) and oxidative DNA damage compared with a SFA diet (14) . Furthermore, previously, we have demonstrated in the same samples of population of the present study that Med+Q diet decreased the stabilization/ activation of p53 during the postprandial state in response to a lower DNA damage as compared to a SFA diet in the peripheral mononuclear cells of elderly subjects (14) .
It is well established that upon DNA damage, p53 protein is stabilized and post-translationally modified via phosphorylation. The activated p53 upregulates target genes which play roles in different aspects of cellular response, as growth arrest and proteins involved in BER and NER networks (30, (34) (35) (36) . In this context, our results strongly support the notion that activated p53 upregulated Gadd45a, Gadd45b, OGG1, APE1/Ref-1, DNApolβ, and XPC after consumption of an SFA-rich diet compared with the consumption of a Mediterranean diet supplemented or not with CoQ. Recent studies showed that changes in the expression of p53 and the p53-regulated DNA damage response genes such as Gadd45a and Mdm2 can be considered as markers of genotoxic and carcinogenic stress (37, 38) .
Among the main functions of p53 is the biological control of the cell cycle during DNA damage response, where p53 arrests the cell cycle in order to allow the start of DNA repair machinery, in a process that has been established to be carried out via activation of p21 gene expression (39) . However, in previous studies (14) , we found no effect of any of the three diets on the expression of this gene. Alternatively, this function could be accomplished by the Gadd45 family of proteins, inasmuch as these proteins are responsible for cell-cycle arrest, given this role in the control of cell-cycle arrest in response to both stress conditions and DNA damaging agents such as reactive oxygen species. To be more specific, Gadd45a expression increases in response to DNA damage by mechanisms both dependent and independent of p53 and is involved in the activation of DNA excision repair mechanisms (BER and NER) (30) . In the present study we observed an upregulation of both Gadd45a and Gadd45b gene expression levels during the postprandial period after intake of a SFA diet in response to an increased DNA damage and as a result of the activation and stabilization of p53. Therefore, we observed greater Gadd45a protein levels after consumption of SFA diet and during postprandial period after intake of SFA diet compared with lower levels observed after Med diet intake. When viewed together, these findings support the notion that p53 triggers cell-cycle arrest through the activation of Gadd45a and Gadd45b in response to DNA damage caused during the postprandial state by the SFA diet, because Gadd45a is associated with the cell-cycle arrest upon DNA damage in G2-M phase of the cell cycle (40) .
Following cell-cycle arrest, p53 activates DNA repair mechanisms (34) . Removal of oxidative DNA damage (such as the DNA base oxidation product 8-OHdG) can be mediated via base, nucleotide, and mismatch repair though the main pathway to eliminate oxidized bases is the base excision repair mechanism (BER). In addition, the NER, which is also regulated by p53 (34) , is responsible for repairing DNA lesions that cause adducts in the double strand, as those evoked by oxidative stress. P53, in its role as a transcription factor, activates DNA repair pathways by regulating the expression of genes involved in these pathways such as OGG1, DNApolβ, APE1/Ref-1 (belonging to BER pathway), and XPC (belonging to NER pathway), because loss of normal p53 function would affect the expression of these genes (41) . Interestingly, we observed an upregulation of OGG1 and DNApolβ gene expression levels and APE1/Ref-1 protein content during the postprandial state in subjects who followed the SFA diet compared with Med+Q diet. OGG1 is a 8-oxoguanine DNA glycosylase, which is involved in the removal of 8-OHdG of the nucleotide (42) . The endonuclease APE-1/Ref-1 makes a single nick 5' to an abasic site in double-stranded DNA, whereas DNApolβ subsequently inserts the new nucleotides into the gaps (43) . We have observed higher APE-1/Ref-1 and DNApolβ protein levels at fasting after consumption of the SFA diet compared with Med+Q diet, possibly due to the oxidative DNA damage chronically maintained during the 4 weeks of dietary intervention as we had demonstrated in previous studies (14) . The upregulation of the majority of proteins involved in BER depending on p53 support the notion that the DNA repair mechanism is activated following the DNA damage provoked by SFA diet. NER acts by a "cut-andpatch" damage excision mechanism, in which damage recognition, opening of the DNA helix around the lesion, dual incision of the damage-containing strand at some distance from the lesion, gap-filling replication, and final ligation of the newly synthesized piece to the pre-existing strand are the main successive steps, where Gadd45a and XPC proteins are involved (30) . We observed an upregulation of XPC mRNA levels during the postprandial state in subjects in a SFA diet compared with Med+Q diet. In all, our mRNA and protein data strongly suggest that p53 activation during the postprandial state, especially in individuals in a SFA diet, triggers both BER and NER pathways.
This study has the advantage of possessing a randomized crossover design where all participants have gone through the three diet periods, each individual acts as their own control and strengthening the fact that the observed effects are due to the influence of diet. Moreover, our study has certain limitations, and to ensure adherence to dietary instructions is difficult to control in a feeding trial. However, adherence to recommended dietary patterns was good, judging by compliance measures. Another limitation of this study is that we did not study if supplementation with CoQ of the saturated fatty acid-rich diet may partly reduce the negative effects of this dietary model on postprandial oxidative stress, or if the DNA repair machinery during postprandial of this diet repair effectively the oxidative lesion. Notwithstanding, the aim of this study was to demonstrate that activation of p53 during this postprandial period enables the activation of the DNA repair machinery in human elderly subjects.
In summary, we had previously demonstrated in the same population of this study that consumption of a Mediterranean diet with or without supplementation of CoQ caused lower oxidative DNA damage and less stabilization/activation of p53 compared with SFA diet. Our present data support the notion that diet-induced activation of p53 leads to cell growth arrest and the activation of DNA repair machinery.
In conclusion, our results suggest that changes in nutritional habits can provide a valuable tool to prevent DNA damage caused by oxidative stress. Our results show the harmful effects of a Western diet rich in SFA in contraposition of the beneficial effects of Mediterranean diet and its supplementation with CoQ. Because the DNA repair machinery loses efficiency with aging (6), consumption of a healthy diet to maintain low levels of oxidative DNA damage could represent an affordable and good strategy to prevent and/or ameliorate age-related disorders such as cancer, cardiovascular disease, metabolic, and neurodegenerative diseases as well as aging itself. 
